A review of the theory of absorption on microscopic and macroscopic levels is given. This theory is then applied to the absorption of UV light by diazo-type positive photoresist during exposure. A formal treatment of the properties of polychromatic light is given. Using these analyses, the effects of polychromatic exposure of a photoresist are derived. Finally, experimental verification of Beer's law and determination of the exposure quantum efficiency of a particular photoresist is given.
Introduction
The phenomenon of absorption can be viewed on a macroscopic or a microscopic scale. On the macrolevel, absorption is described by the familiar LambertBeer law which gives a linear relationship between absorbance and path length times the concentration of the absorbing species. On the microlevel, a photon is absorbed by an atom or molecule, promoting an electron to a higher energy state. Both methods of analysis yield useful information needed in describing the effects of light on a photoresist.
If the light used to expose this photoresist is polychromatic, one must be careful to define what is meant by the intensity of light. Usually, intensity is measured by some detector. Different detectors will, in general, give different readings for the intensity of polychromatic light. Thus, a formal definition of the actual intensity must be established along with a method of relating the actual intensity to the measured intensity. Once this has been done, a treatment of the exposure of photoresist by polychromatic light can be similarly formalized.
Macroscopic Absorption
The basic law of absorption is an empirical one with no known exceptions. It was first expressed by Lambert in differential form as dI PI (1) dz where I is the intensity of light traveling in the z direction through a medium, and a is the absorption
The author is with U.S. Department of Defense, Fort Meade, coefficient of the medium and has units of inverse length. In a homogeneous medium (i.e., a is not a function of z), Eq. (1) may be integrated to yield I(z) = IO exp(-az), (2) where z is the distance the light has traveled through the medium and Io is the intensity at z = 0. If the medium is inhomogeneous, Eq. (2) becomes
where abs = a(z')dz' = the absorbance. When working with electromagnetic radiation, it is often convenient to describe the radiation by its complex electric field vector. The electric field can implicitly account for absorption by using a complex index of refraction n such that n = n -iK. (4) The imaginary part of the index of refraction, sometimes called the extinction coefficient, is related to the absorption coefficient by
In 1852 Beer showed that for dilute solutions the absorption coefficient is proportional to the concentration of the absorbing species in the solution:
where a = molar absorption coefficient; = aMW/p; MW = molecular weight; p = density; and c = concentration.
The stipulation that the solution be dilute expresses a fundamental limitation of Beer's law. At high concentrations, where absorbing molecules are close together, the absorption of a photon by one molecule may affect the ability of another molecule to absorb light.' Since this interaction is concentration dependent, it causes deviation from the linear relation (6) . Also, an apparent deviation from Beer's law occurs if the index of refraction changes appreciably with concentration. For an N component homogeneous solid, the overall absorption coefficient becomes
Of the total amount of light absorbed, the fraction of light which is absorbed by component i is given by IAi = aAc IAT \aT/ (8) where IAT is the total light absorbed by the film, and IAi is the light absorbed by component i.
We will now apply the concepts of macroscopic absorption to a typical positive photoresist. A diazonaphthoquinone positive photoresist (such as AZ1350J)
is made up of four major components; a base resin R which gives the resist its structural properties, a photoactive compound M (abbreviated PAC), exposure products P generated by the reaction of M with ultraviolet light, and a solvent S. Although photoresist drying during prebake is intended to drive off solvents, thermal studies have shown that a resist may contain 10-20% solvent after a 30-min 1000C prebake. 2 3 The absorption coefficient a is then
If MO is the initial PAC concentration (i.e., with no UV exposure), the stoichiometry of the exposure reaction
Equation (9) may be rewritten as 4 a= Am +B, (11) where A = (aM -ap)MO; B = apMO + aRR + aS; and
The quantities A and B are experimentally measurable 4 and can be easily related to typical resist absorbance curves, measured using an UV spectrophotometer. When the resist is fully exposed, M = 0 and 
Thus, A(X) and B(X) may be determined from the UV absorbance curves of unexposed and completely exposed resist (Fig. 1 ).
Ill. Microscopic Absorption
On a microscopic level, the absorption process can be thought of as photons being absorbed by an atom or molecule causing an outer electron to be promoted to a higher energy state. This phenomenon is especially important for the photoactive compound since it is the absorption of UV light which leads to the chemical conversion of M to P.
M n
This concept is stated in the first law of photochemistry: only the light which is absorbed by a molecule can be effective in producing photochemical change in the molecule. Einstein first quantified absorption on a microscopic scale by using probabilities. Consider a substance M being exposed to radiation of intensity I and spectral power density J(X) [where J(X)d\ is defined as the intensity of the radiation with wavelengths between X and X + d so that I = J(X)dX, see the following section]. Einstein's relation for photon absorption is 5
where AIbM = the number of photons with wavelengths between X and X + dX absorbed per second by M; NM = the number of molecules of M; and BE(X) = Einstein's coefficient of absorption.
[Originally, Einstein's relation involved an energy density u(v) instead of J(X). The original Einstein coefficient Bnm is related to BE(X) by Bnm = BE(X)c/n, where c is the speed of light and n is the index of refraction of the medium.] The total number of photons absorbed per second by M at all wavelengths can be found by integrating Eq. (16) over wavelength
To relate Eq. (16) to measurable quantities, one must relate the microscopic theory to macroscopic observations. Consider an elemental volume containing some amount of substance M (Fig. 2) . The light absorbed by the volume (with wavelengths between X and + d) is IO -IT. The light absorbed by M can be found using Eq. (8): Intensity can be converted to photons absorbed by M per second (between X and X + dX) by
where h is Planck's constant. Now Eqs. (16) and (19) can be equated:
Dividing both sides of the equation by the volume SAz and by Avogadro's number NA,
NAhca'\ ~Az (1 Letting Az go to 0,
Recalling that, in this case, I = J(X)dX, Eq. (21) becomes
Einstein's coefficient of absorption can now be related to the molar absorption coefficient of M:
Recalling Eqs. (4) and (5),
Thus, Einstein's coefficient of absorption is proportional to the imaginary part of the index of refraction of the photoactive compound, KM. Einstein's coefficient for spontaneous emission
Integrating over wavelength gives the overall AE, intensity of the light involves using a detector that invariably does not have a flat response over this range.
The question then arises, how does the measured light intensity IM relate to the actual total intensity IT for a polychromatic light source? Let us first define a spectral power density J(X) such that
Consider now a hypothetical experiment. The light intensity of some source is measured over a very narrow range of wavelengths between X 0 and X 0 + AX by inserting a filter with a transmission function t(X) defined as having a transmittance T within the given wavelength range and zero outside the range. Equation (28) becomes
where I(X 0 ) is the measured intensity from our hypothetical experiment. If AX is sufficiently small, J(X) can be assumed constant over this range giving
The measured I(X 0 ) is often normalized so that it has a value of 1 at some wavelength. For the case of a mercury arc lamp, one often uses the wavelength X = 365 nm. Thus, a relative intensity IR(X) can be defined:
where the second equality comes as a result of Eq. (30). A graph of IR(X) vs X is known as the spectral output of the light source. Figure 3 shows the spectral output of a typical mercury arc lamp. From Eq. (31), the spectral density J(X) is proportional to this graph:
IV. Polychromatic Light
The light used to expose photoresists is generally in the 300-500-nm wavelength range. Measuring the Consider now the original problem of relating a measured intensity to the actual intensity. When a detector is used to measure light intensity, Eq. (28) can be modified to read 
I = S,(X)J(X)dX,
where SD(X) is the spectral response of the detector. Figure 3 shows a typical UV radiometer response curve. Figure 4 shows the product of the two curves in Fig. 3 and can be thought of as the portion of the source output that is seen by the detector. Equation ( 
.2
Solving this equation for J (365 nm) and substituting back into Eq. (32) gives
This can now be used in Eq. (28) to give IT in terms of Fig. 4 . Part of the mercury arc lamp spectrum that is seen by the detector in Fig. 3 .
Each integral can be evaluated using standard numerical integration techniques and is a constant for a given source/detector system. One should note that this method of determining IT is sensitive to variations in the source spectral output IR. In the example given, only wavelengths near the 365-nm peak are measured due to the narrow response of the detector. If the relative heights of the three major peaks change (due to lamp aging, for example 6 ), the measured intensity will not reflect this change. 7 This problem is alleviated by using a detector with a wider spectral range. Obviously, if SD(X) has a value of one over the range for which J(X) is nonzero, the two integrals in Eq. (36) are equal and IT will equal IM. Equation (36) relates the actual total intensity of light in an isotropic, nonabsorbing medium (such as air) to the measured intensity. If, however, the medium in question is absorbing, IT is a function of the distance the light has traveled, z, and therefore is dependent on the position of measurement. Equation (28) can be modified to handle this case by letting the spectral density be a function of position as well as wavelength: 
where T 12 is the transmittance of the air-film interface and Jo(X) is the incident spectral density, i.e., the source spectral density. Equations (31)-(35) will apply to J 0 (X) so that Eq. (36) will become
If a is not wavelength dependent, the exponential term can come out of the integral giving the standard integrated form of the Lambert law of absorption: lexp(-ikz) + P 23 tD exp(ikz) 2 
+ P 12 P 23 T I
where pij is the reflection coefficient between media i andj, k is the propagation constant of the film, T D is the internal transmittance of the film, and the subscripts 1,2,3 represent air, resist, and substrate, respectively.
V. Exposure Kinetics
The chemical reaction (15) can be rewritten in general form as
where M = the photoactive compound (PAC); M* = molecule in an excited state; P = the carboxylic acid (product); and kl,k 2 ,k 3 = the rate constants for each reaction. Simple kinetics can now be used. The proposed mechanism (42) assumes that all reactions are first order. Thus, the rate equation for each species can be written
k 2 is the sum of the rate constants of these three mechanisms:
A system of three coupled linear first-order differential equations can be solved exactly using Laplace transforms and the initial conditions
However, if one uses the steady-state approximation the solution becomes much simpler. This approximation assumes that in a very short time the excited molecule M* comes to equilibrium, i.e., M* is formed as quickly as it disappears. In mathematical form,
(45)
dt
A previous study has shown that M* does indeed come to equilibrium quickly, of the order of 10-8 s. 9 Thus, dM=K --KM,
Assuming K remains constant with time,
where AE = Einstein's coefficient of spontaneous emission;
BE(X) = Einstein's coefficient of induced emission = BE(X); and kq = rate constant for the quenching reaction. Under normal circumstances (i.e., not a laser) the amount of induced emission is very small. In fact, an order of magnitude analysis using typical resist parameters gives AE to be 108 times greater than f BE(X)J(X)dX for a light intensity of 1 mW/cm 2 . Thus, ignoring induced emission and assuming no quenching, the con-
The overall rate constant K can now be written as
where
and cLT iS the overall quantum efficiency of the formulation of product P. Equation (47) now becomes
The overall rate constant K is a function of the intensity of the exposure radiation. The exact functionality can be determined by analyzing the phenomenon of absorption. In the previous section, an expression was given for the number of photons absorbed by M per second. If we define a quantum efficiency P such that or M* can undergo induced emission due to the continuing bombardment of photons. The rate constant
A kinetic analysis of the exposure of a positive photoresist has led to the integrated rate Eq. (55). In deriving this equation we have assumed that J(X) (or I for monochromatic light) was constant within the resist during the exposure. This, however, is not true in general due to the changing chemical composition of the resist as it is being exposed. This problem can be dealt with, however, if 1(t) is known.'( Thus, Eq (55) or (56) forms the backbone of an optical lithography exposure model. Of course, the usefulness of these equations depends on the ability to measure the constant C. Fortunately, a simple experiment can be used to measure C in a straightforward and fairly accurate manner. 4 When exposing a photoresist, the resist acts as the detector. There is only a certain range of wavelengths to which the resist is sensitive. If we define SR(X) as the spectral sensitivity of the resist, Absorpotion Parameter A (lm-l)   1.6 . .. . . . . . . . . Weight Fraction PAC Fig. 5 . Verification of Beer's law for an experimental positive photoresist.
where Ieff is the effective light intensity used by the resist per unit depth into the resist. SR(X) can be found by a fundamental analysis of the absorption of light, as given above:
Thus, the sensitivity of the resist is proportional to C/X and the PAC concentration.
Using the results of the previous section, we can put Eq. Knowing C(X), SD(X), and IR(X), the effective constant Ceff can be calculated. One should note the similarity between Eqs. (60) and (56). Polychromatic exposure can be treated in a manner identical to monochromatic exposure.
As was mentioned, a technique exists for measuring C(X). 4 The method involves exposing a photoresist coated glass wafer with light of wavelength X and measuring the transmitted light with time. Alternatively, if polychromatic light is used, Ceff will be measured. Again, this value will be dependent on the particular source/detector combination used to make the measurements.
VI. Experimental Results
As mentioned previously, Beer's law is empirical in nature and, thus, should be verified experimentally.
In the case of positive photoresists, this means formulating resist mixtures with differing photoactive compound to resin ratios. Using Varcum 29-808 resin 1 and Fairmount 1010 photoactive compound, 1 2 photoresists were made with 30% by weight solids content in cellosolve acetate solvent. Of the 30% solids, the PAC to resin weight ratio was varied in different formulations. A total of six formulations were made: 10%, 15%, 20%, 25% 30%, and 35% PAC by weight. Higher percentages of PAC were found to be insoluble at room temperature. The resist mixtures were spin-coated onto quartz wafers to a thickness of -1 Agm and hotplate baked for 3 min at 1000C. The values of the absorption parameters A and B and the exposure rate constant C were measured for each resist at the g, h, and i lines of the mercury spectrum using the technique described by Dill et al. 4 The results shown in Fig. 5 show quite clearly a linear dependence of absorption on concentration and extrapolation to zero absorption for zero concentration, in support of Beer's law. The slope of these curves is am and is related to aM by the density and molecular weight of the PAC. Further, using the measured value of C for this resist, the overall quantum efficiency can be determined, as well as BE(X). These values are given in Table I where the density of the resist was 1.2 g/cm 3 and the molecular weight of the PAC was estimated to be 368 g/mol.
Finally, values of the resist absorption parameters A and B and the exposure rate constant C were measured for a variety of commercially available photoresists. The results are shown in Table II .
VII. Conclusions
Two theoretical approaches to absorption by a photoresist have been described. The Lambert-Beer law gives us absorption in terms of measurable quantities. The Einstein relation describes abosorption in terms of individual photons, which becomes important when determining a theoretical exposure rate. It has also been shown that these methods of analysis are equivalent, and the Einstein coefficients can be related to measurable quantities found in the Lambert-Beer law. From the point of view of optical lithography, the principles of macroscopic absorption were used in determining the intensity of light in the resist during exposure. The theory of microscopic absorption was used when determining the effects of absorption on resist chemistry.
The problems associated with describing polychromatic radiation can be solved using the methods dis- cussed above. One must know the spectral output of the illumination source and the spectral response of the detector in order to relate the measured intensity (detector reading) to the actual intensity. If one also knows the wavelength dependence of a photoresist exposure rate constant C, the process of exposure can be treated in a straightforward manner. The constant C can be related to other physical properties of the resist or can be measured experimentally.
The results of the above analysis have been incorporated into an overall lithography model called PRO-LITH (the positive resist optical lithography model) which can model polychromatic exposure of photoresist, for example, during contact printing. 1 
